The pathogenic role of antiendothelial cell antibodies (AECA) remains unclear. They are frequently associated with antibodies to anionic phospholipids (PL), such as phosphatidylserine (PS), which is difficult to reconcile with the distribution of PL molecular species within the plasma membrane. Since it is already known that PS is transferred to the outer face of the membrane as a preclude to apoptosis, the possibility exists that apoptosis is initiated by AECA. AECA-positive/anti-PL antibody-negative sera from eight patients with systemic sclerosis (SS) and 21 control patients were evaluated. Endothelial cells (EC) were incubated with AECA and the exposure of PS was established through the binding of annexin V. Hypoploid cell enumeration, DNA fragmentation, and optical and ultrastructural analyses of EC were used to confirm apoptosis. Incubation of EC with AECA derived from six of eight patients with SS led to the expression of PS on the surface of the cells. This phenomenon was significantly more frequent in SS ( P Ͻ 0.04) than in control diseases. The redistribution of plasma membrane PS preceded other events associated with apoptosis: hypoploidy, DNA fragmentation, and morphology characteristic for apoptosis. Apoptosis-inducing AECA did not recognize the Fas receptor. We conclude that AECA may be pathogenic by inducing apoptosis. (
Introduction
Antiendothelial cell antibodies (AECA) 1 were first described by fluorescence analysis and subsequently characterized using purified IgG and F(ab Ј ) 2 fragments (1). These autoantibodies (Ab) have since been reported in a variety of clinical settings associated with vasculitis (2), such as systemic sclerosis (SS). Although the results obtained in a given disease vary from one study to another (3) , the AECA test shows promise as a sensitive indicator of endothelial cell (EC) injury (4) . In fact, AECAs represent an extremely heterogeneous family of Ab reacting with different structures on EC (5), the effects of which remain to be defined.
The recent finding that EC apoptosis, i.e., programmed cell death, is a primary pathogenic event underlying skin lesions in avian and human SS (6) may be highly relevant to our study on the pathogenesis of AECA because we have reported recently that SS is associated with AECA (7). It is not unreasonable to predict that a subgroup of AECA might recognize surface antigens (Ag) involved in apoptosis. Since it is known that phosphatidylserine (PS) is transferred to the outer face of the membrane as a preclude to apoptosis (8) , the possibility exists that this movement of PS is initiated by AECA. It was also shown that the anticoagulant ␣ , i.e., annexin V, preferentially binds to negatively charged phospholipids (PL) like PS (9) .
The major thrust of this study was, therefore, to explore the effects of AECA on the surface of EC. We report the first evidence that AECAs are capable, not only of inducing expression of adhesion molecule (10) and sustaining leukocyte adhesion to vascular EC (11) , but also of initiating apoptosis of the cells and thereby exposing anionic PL. The exposure of PS on EC by AECA may be important in triggering the production of antiphospholipid Ab (aPL) in connective tissue diseases.
College of Rheumatology for the diagnosis of SS (12) . Patients with other diseases were included as controls in the study (4): 5 of 26 cases of giant cell arteritis, 5 of 32 with polyarteritis nodosa, 3 of 21 with Takayasu arteritis, 3 of 51 with Wegener's granulomatosis, and 5 of 20 with SLE were selected for further study on the same two criteria as the patients with SS. All fulfilled the ACR criteria for the respective diseases (13) (14) (15) (16) (17) . Sera were stored at -70 Њ C until used. To remove any contaminating aPL, the sera from all the patients were passed through a column of cardiolipin (CL). A mixture of CL (Sigma Chemical Co., St. Louis, MO), dicetylphosphate (Sigma Chemical Co.) and cholesterol (BDH Chemicals, Poole, United Kingdom) was immobilized on a matrix of acrylamide-bis -acrylamide (Bio-Rad, Ivry-sur-Seine, France), and polymerized in the presence of ammonium persulphate and TEMED. The flow-through sera were collected and dialyzed against PBS (SS patients: effluents 1-8). IgG fractions were further purified with protein G-Sepharose (Pharmacia Fine Chemicals, Uppsala, Sweden) and recovered with HCl-glycine (SS patients: eluates 1-8). SDS-PAGE, Western blotting, and ELISA showed only IgG to be present.
IgG from five patients with SS were digested by incubation with pepsin (Sigma Chemical Co.) for 16 h at 37 Њ C (40:1, wt/wt). The F(ab Ј ) 2 fragments were passed over a protein G column, concentrated, dialyzed extensively, and assayed using a sandwich ELISA.
Unconjugated mouse mAb against platelet/EC adhesion molecule (CD31, clone JC/70A) and against protein S (clone HS-3) were obtained from DAKOPATTS (Glostrup, Denmark) and Sigma Chemical Co., respectively. Anti-intercellular adhesion molecule-1 (CD54, clone 84H10), antilymphocyte function-associated Ag-3 (CD58, clone AICD 58), antiglycolipid ceramide trihexoside (CD77, clone 38/13), antivascular cell adhesion molecule (CD106, clone 1G11), and anti-MHC class I molecule (clone B912-1) mAb were all supplied by Immunotech (Marseille, France). Three anti-Fas mAb (CD95, clones UB2, CH11 and ZB4) and three anti-Fc ␥ receptor (Fc ␥ R) mAb (CD16, Fc ␥ RIII, clone 3G8; CD32, Fc ␥ RII, clone 2E1; and CD64, Fc ␥ RI, clone 22) were also obtained from Immunotech.
Unconjugated mouse mAb to ␤ 2 glycoprotein I ( ␤ 2 GPI) and antithrombomodulin (TM) rabbit Ab were kindly donated by Dr. J. Arvieux (Centre de Transfusion Sanguine, Grenoble, France) and Dr. M.C. Boffa (INSERM U353, Paris, France), respectively.
Other reagents
The anticoagulant ␣ (annexin V), has been shown to bind preferentially to PS (9) . FITC-conjugated annexin V (generous gift of Dr. C.P.M. Reutelingsperger, Maastricht, The Netherlands) was, therefore, used to detect PS expression on EC. Normal IgG were eluted from a protein G column loaded with human or rabbit Cohn fraction II (Sigma Chemical Co.) and suspended in PBS. Human and rabbit IgG was aggregated by heating IgG at 63 Њ C for 20 min. IFN ␥ was supplied by Genzyme (Cambridge, MA).
Human umbilical vein endothelial cells
Human umbilical vein endothelial cells (HUVEC) were isolated as described previously (18) , and their viability was always over 95% as assessed by the acridine orange/ethidium bromide technique. These cells were cultured in RPMI 1640 (GIBCO, Paisley, Scotland) supplemented with 10% FCS.
AutoAb tests
The AECA test was performed as described previously (4, 7), but, in this case, HUVEC were used as a substrate, instead of the EA.hy 926 EC line. Briefly, cells were plated onto fibronectin-coated 96-well microtiter plates (Nunc A/S, Roskilde, Denmark), and allowed to grow to confluence. HUVEC were used at the third passage, and fixed with 0.1% glutaraldehyde (GTA) for 10 min at 4 Њ C. They were monitored by phase contrast microscopy to ensure confluence throughout the procedure. Nonspecific binding was blocked for 2 h at room temperature (RT) with 200 l RPMI 1640 supplemented with 3% BSA. After two washes with PBS containing 1% BSA (PBS-BSA), the wells were flooded with 100 l of the coded sera (diluted 1:50) in triplicate. After another three washes with PBS-BSA, horseradish peroxidaseconjugated goat F(ab Ј ) 2 anti-human IgG or anti-mouse IgG (Jackson ImmunoResearch Labs, Inc., West Grove, PA) was added and incubated for 1 h at 37 Њ C. After washing, the plates were developed with 1,2 phenylethylenediamine, the reaction was stopped with sulfuric acid, and the OD was read in a Titertek Multiskan microplate reader (Flow Laboratories, McLean, VA). Standard curves were established with internal reference positive sera. Samples were recorded as positive if the OD was greater than the mean plus three SD of that determined in 27 normal sera.
The IgG-specific ELISA for aPL has also been described previously in detail (19) . In the conventional assay ( ␤ 2 GPI-dependent aPL), nonspecific binding of Ig to the well surface was blocked with 200 l of PBS containing 10% adult bovine serum (Sigma Chemical Co.). A modified ELISA to detect ␤ 2 GPI-independent aPL was also performed by using 0.3% gelatin (Sigma Chemical Co.) as the blocking agent and sample diluent. Binding of each sample on wells with no Ag was automatically substracted.
As reported previously (19) , an ELISA was set up to assay ␤ 2 GPI. This is based on the combination of a rabbit Ab as capture agent and a mAb anti-␤ 2 GPI as revealing agent. The standard curve was constructed with serial dilutions of pure ␤ 2 GPI (generous gift of Pr S.A. Krilis, Sydney, Australia).
Flow cytometric analysis
Fresh EC were incubated with saturating amounts of FITC-conjugated mAb to CD16, CD32, CD64, or CD95 for 30 min at 4 Њ C. After washing with PBS, they were fixed with 1% paraformaldehyde. FITC-conjugated irrelevant mouse IgG1 or IgG2a mAb were used as negative controls.
Once they were stained, 5 ϫ 10 5 HUVEC were suspended in PBS-BSA containing 0.02% NaN 3 . After passage through a nylonmesh filter, EC were enumerated in a flow cytometer (Coulter Immunology, Hialeah, FL) equipped with a 500 mW argon laser and a helium-neon laser. Appropriate settings of forward and side scatter gates were used to examine 10,000 cells per experiment. These settings selected were controlled by using unstained cells and isotypematched nonreactive phyco-erythrin-or FITC-conjugated mAb. The percentages of cells stained were determined by the thresholds set using the unstained cells. The numbers of fluorescent molecules per cell were indirectly measured by assessing the mean fluorescence intensity (MFI) of cells analyzed in each test.
Measurement of apoptosis binding of annexin v
Simple staining. Fresh EC were washed in annexin V buffer (20 mM Hepes/NaOH, pH 7.4, 132 mM NaCl, 6 mM KCl, 2.5 mM CaCl 2 , 1 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 5 mM glucose, and 0.5% BSA). EC (10 5 cells per test) were then incubated in 250 l of the same buffer containing 25 ng/ml FITC-conjugated annexin V for 10 min at RT in the dark. Propidium iodide (PI) was used to exclude dead cells, diluted to the concentration of 10 g/ml. Percentages of annexin V-positive cells were then calculated within the viable population of cells (i.e., PI-negative cells).
The effect of the dose of AECA on EC was tested using 0, 2.5, 5, 10, and 20 g over a constant period of time (360 min). A time course was determined, using a constant amount of human or mouse Ab (20 g) for increasing periods of time (0, 60, 120, 180, 360, and 720 min). Double staining. A combination of reagents was tested: 100 l of fresh EC suspension were mixed with AECA or control IgG. After a 30-min incubation at 4 Њ C and four washes (two in PBS-BSA and two in annexin V buffer), the cells were stained with phyco-erythrin-conjugated goat anti-human IgG Ab (DAKOPATTS) for 30 min at 4 Њ C. FITC-conjugated annexin V was added 10 min before the end of this incubation.
enumeration of hypoploid cells
After treatment of the cells with AECA, apoptosis was determined using the technique described by Nicoletti et al. (20) . Briefly, a first aliquot of the cell preparation was stained with FITC-conjugated annexin V. A second aliquot of cells was washed in citrate buffer (0.1 M sodium citrate, 0.1% Triton X-100) and incubated in 250 l citrate buffer containing 10 g/ml PI overnight at 4 Њ C in the dark. Reduction in PI staining intensity compared with control cells by flow cytometry was taken as a measure of hypoploidy, characteristic of apoptotic cells.
dna fragmentation analysis
EC were washed three times in HBSS (Eurobio, Les Ulis, France) and once in lysis buffer (250 mM sucrose, 50 mM Tris, pH 7.5, 25 mM KCl, and 5 mM MgCl 2 ). Cell pellets were resuspended and incubated for 8 min on ice in a solution of 0.25% Triton X-100 (Sigma Chemical Co.) added to 500 l lysis buffer. After centrifugation for 5 min at 500 g and 4 Њ C, nuclei were resuspended in 500-ml lysis buffer supplemented with 25 l 0.5 M EDTA, 70 l 10% SDS, and 0.2 mg proteinase K (all from Sigma Chemical Co.), and incubated for 3 h at 37 Њ C. The DNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1) followed by two extractions with chloroform (vol/vol). After 5 min of washing at 400 g and 4 Њ C, a 1:10 vol of sodium acetate followed by 2 vol of absolute ethanol were added. DNA was kept for 12 h at 4 Њ C and centrifuged for 10 min at 450 g . 2 vol of absolute ethanol were then added before centrifugation and addition of 70% ethanol. DNA was dissolved in 10 mM Tris, pH 7.5, and 1 mM EDTA, pH 8, for 12 h after evaporation of ethanol. The DNA was loaded into wells of a 1.5% agarose gel and electrophoresed at 75 mV using 100 mM Tris, 100 mM boric acid, and 0.2 mM EDTA as running buffer. DNA was visualized by ethidium bromide staining.
cell morphology
10 5 control and apoptotic EC were centrifuged for 1 min at 300 g on a microscope slide. The slides were dried in air for 10 min, and the cells stained in a May-Grünwald solution (Merck, Darmstadt, Germany) for 3 min, washed in water for 1 min, stained in a Giemsa solution (Merck) 7% in distilled water, and finally rinsed in water before analysis.
electron microscopy
The cells were fixed for 1 h at RT in 3% GTA in PBS, post-fixed with 1% OsO 4 in PBS, and incubated overnight at 60 Њ C with 2% uranyl acetate in water. This was followed by rapid dehydration with increasing concentration of absolute alcohol and a 1-h incubation in a 1:1 absolute ethanol/Epon mixture. Cells were embedded in Epon and, after sectioning and staining, viewed in a Zeiss EM 10 electron microscope (Carl Zeiss Instruments, Oberkichen, Germany).
Results
Effect of AECA on the expression of anionic PL by EC. Incubation of EC with 20 g AECA for 5 h led to the expression of negatively-charged PL by the cells. This effect was demonstrated by the binding of annexin V. AECA IgG from SS patients 1, 2, 3, 4, 5, and 8 induced the expression of surface PS (Table I) , compared with control Ab. In contrast, AECA IgG from SS patients 6 and 7 gave similar binding levels to that of the control IgG. Treatment with 7 mAb directed to various Ag on EC and anti-TM rabbit Ab (Table II) failed to induce annexin V binding, which suggested that the effects of AECA were specific. A slightly high percentage of stained cells after incubation with antiglycolipid ceramide trihexoside (8%) was, however, observed. This is consistent with the report (21) that apoptosis may be induced via CD77. 18 AECA-negative sera (3 with aPL, 4 with double-stranded DNA Ab, 4 with anti-RNP Ab, and 7 with rheumatoid factor) did not induce the binding of annexin V to EC. The accelerated apoptosis was not unique to the SS vasculitis. Albeit more frequent ( P Ͻ 0.04) in SS than in other diseases (Table III) , apoptosis-inducing AECA appeared to be present in some patients with a variety of conditions associated with vasculitis.
To exclude the possibility that IgG/Fc ␥ R interaction was involved in this induction, AECA-negative patient sera, normal human sera, and aggregated human and rabbit IgG were also tested. None of these induced significant changes in membrane PL. A minor subset of EC carried Fc ␥ R: the percentages of cells expressing Fc ␥ RI (CD64), Fc ␥ RII (CD32), and Fc ␥ RIII (CD16) were 6.6, 8.6, and 7.3%, respectively. The results obtained with IgG AECA and F(ab Ј ) 2 AECA from five patients were not significantly different (data not shown).
Dose effect and time course analyses. Fig. 1 shows that the expression of anionic PL was dependent on the dose of AECA (patients 1 and 2). Control human IgG at the same dose and medium failed to increase anionic PL expression after a 360-min incubation.
A time-course study revealed that the proportion of anionic PL-expressing cells correlated with the duration of the incubation of HUVEC with 20 g AECA. Triplicate measurements for each experimental point showed a variation of Ͻ 10%. The time taken to reach maximal expression of anionic PL was 360 min and the results were broadly similar for the two SS patients tested. This expression was not different when the cells were treated for 720 min with control IgG and medium.
Relationships with apoptosis. The redistribution of plasma membrane PS preceded other events associated with apoptosis (22) . As shown in Fig. 1 , EC became annexin V positive before they became hypoploid, i.e., apoptotic. A period of 360 min was required for this to occur. Time-course analysis showed that the increase of annexin V-positive cells plateaued by 360 min, whereas less than half of these cells were hypoploid at this time. A representative example is shown in Fig. 2 (control human IgG and AECA IgG derived from patient 1).
Next, we examined whether the binding of AECA to EC was an absolute prerequisite for the externalization of PS. Exposure of PS and subsequent binding to annexin V by EC was induced only by AECA from six of the eight patients with SS (patients 1, 2, 3, 4, 5, and 8, but not patients 6 or 7). Fig. 3 shows the effect of AECA from patient 1 (79% positive). In contrast, that of AECA from patient 7 was negligible (15% positive) and close to levels reached by the controls.
Apoptosis measured by DNA fragmentation, morphology, and electron microscopy. To confirm apoptosis, DNA fragmentation and cell morphology studies were carried out. DNA showed fragmentation (Fig. 4, lane 3) . May-Grünwald-Giemsastained EC from the same cultures showed apoptotic morphology (Fig. 5 , top) and this was confirmed by ultrastructural analysis (Fig. 5, bottom) . Here, the nuclear changes characteristic of apoptosis (restriction of the size and production of apoptotic bodies) were observed. Thus, the exposure of plasma membrane PS and the uptake of PI, after incubation of HU-VEC with AECA, were the results of induction of apoptosis, rather than the consequence of cellular injury and necrosis.
Characterization of apoptosis-inducing AECA. Since we were aware that aPL bind to apoptotic cells and may induce apoptosis, the sera were carefully absorbed with CL, although they had been selected as being aPL-negative. This absorption was successful, since ␤ 2 GPI, ␤ 2 GPI-dependent aPL, and ␤ 2 GPI-independent aPL were not detectable in the effluents 1-8 from the CL column and in the eluates 1-8 from the protein G column (Table IV) .
Then, we asked whether the target Ag of the apoptosisinducing AECA was associated with the Fas receptor. Initial experiments determined that 3.2% of HUVEC (MFI:1.61) expressed the Fas receptor. It has been reported that IFN␥ can increase Fas expression in EC (23) and indeed 100 U/ml IFN␥ caused a reproducible but small increase in Fas (12.7%, MFI: 1.35 after a 24-h incubation; and 21.4%, MFI:2.16 after a 48-h incubation). After incubation with 5 g/ml CH11 (this anti-Fas mAb is known to trigger apoptosis), as few as 9.7% of EC became annexin V positive. Furthermore, a 2-h preincubation of EC with 5 g/ml ZB4, which is an anti-Fas mAb known to inhibit Fas-induced apoptosis (24), did not prevent the AECAinduced apoptosis: 29.7 and 30.1% EC became annexin V positive after a 4-h incubation with affinity-purified IgG AECA from patient 1 and patient 2, respectively.
Discussion
A number of studies have suggested that EC injury results in an altered distribution of surface Ag and promotes active binding of immune complexes to these cells. For example, Herpes simplex virus induces the expression of Fc␥ and C3 receptors on cultured EC (25). In patients with systemic diseases, there is indirect evidence of EC activation, including raised plasma levels of vWf (26) and TM (27) . However, the pathogenic role of AECA remains unclear, inasmuch as the EC activation does not necessarily imply that the membrane PL asymmetry is modified by these autoAb.
In this paper, we demonstrate that AECA from some, but not all, patients with SS (i.e., a subset of these autoAb) is one of many factors potentially responsible for PS reaching the surface from its intracellular location, which is a prerequisite to apoptosis. Importantly, only some of the patients with SS had the PS exposure-inducing subset of AECA. These autoAb might be useful markers of the disease, since the six positive SS patients had been classified previously as having a diffuse form of the disease, while the two negative patients had a limited form of the same disorder (7) . However, the accelerated apoptosis was not absolutely specific for SS. Although significantly more frequent in diffuse SS than in other conditions, apoptosis-inducing AECA appeared to be present in some patients with a variety of connective tissue diseases associated with vasculitis.
The uptake of PI was not due to cellular necrosis since EC exhibited typical apoptotic morphology and DNA appeared to be fragmented. Furthermore, this phenomenon was AECAspecific, given that seven control xenotropic mAb and various autoAb had no effects. That IgG/Fc␥ R interaction was involved in the binding of AECA is unlikely, since mAb directed towards EC membrane determinants, normal sera, and aggregated IgG failed to modify the PL asymmetry. Furthermore, Fc␥ Rs are expressed constitutively by placental villous EC (28) , but weakly by HUVEC (29) . The effect was not distinguishably different when F(abЈ) 2 fragments were used instead of IgG AECA.
In a previous study (19) using the human EC line, EA.hy 926, we detected deposition of ␤ 2 GPI on GTA-fixed cells, but not at all on fresh unfixed cells. Consistent with this observation, Del Papa et al. (30) have also reported that EC membrane alteration induced by paraformaldehyde fixation enhances the binding of affinity-purified AECA preparations. Hence, EC activation is not sufficient per se to cause the loss of asymmetry of PL.
Of particular relevance to our study, Sgonc et al. (6) have provided convincing evidence that apoptosis of EC is a triggering event in the pathogenesis of avian and human SS. Our study establishes that induction of this programmed cell death can, at least in some patients, be mediated by a subset of AECA and preceded by anionic PL exposure. We have shown that EC become annexin V positive before becoming hypoploid, and provide clear evidence that AECA binding induces apoptosis of EC. A major concern is the specificity of the autoAb used in our study. AECA did not react with the Fas receptor, because preincubation of the cells with ZB4, which is a mAb shown to inhibit Fas-induced apoptosis (24), did not reduce apoptosis due to AECA. This observation is in agreement with the report that Fas ligation does not trigger apoptosis in EC (23) . In this respect, we have demonstrated recently (Levy, Y., B. Gilburg, J. George, N. Del Papa, R. Mallone, M. Damianovich, M. Blank, A. Radice, Y. Renaudineau, P. Youinou, A. Wiik, F. Malasavi, P.L. Meroni, and Y. Schoenfeld, manuscript submitted for publication) that an apoptosisinducing mouse monoclonal AECA recognizes a 70-kD molecule. This unknown protein might represent a critical target for apoptosis-inducing AECA. Other EC molecules recognized by AECA from patients 1, 2, 3, 4, 5, and 8 are likely to be involved in apoptosis of EC. Yet, the Ag recognized by apoptosis-inducing AECA are as yet unknown. Immunoblotting techniques have been used for some time to identify the target Ag of AECA, but with considerable variation in the results obtained. One group found 11 proteins ranging in size from 56 to 133 kD, a second described two bands of 60 and 62 kD, and a third group identified 12 proteins ranging from 16 to 88 kD (for review see reference 3).
In conclusion, the work described here establishes the ability of AECA from some patients with SS and, to a far lesser degree from other patients, to bind to fresh EC and initiate 
